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ABSTRACT
tethods for the determination of personal exposure to 
chlorine, hydrogen sulfide and hydrogen cyanide have been 
devised. Samples are collected by permeation through a 
silicone membrane into lOmL of an absorbing reagent.
For the chlorine monitor, samples are collected in a 
fluorescein-bromide reagent. The resulting eosin is 
measured spectrophotometrically and the Cl 2  exposure is 
calculated. The detection limit of the method is 0.013 ppm 
Cl2 for an 8 h exposure period with a working range of 0.1-
2.0 ppm. The device responds in less than one minute and 
is unaffected by variations of temperature and humidity. 
Response of the device is pH dependent and is optimized by 
buffering the reagent at pH 7.0. No significant interfer­
ences are encountered, but the solution fades if exposed 
to intense sunlight for extended periods.
The hydrogen sulfide monitor collects samples in 0.2N 
NaOH containing EDTA and the resulting sulfide is analyzed 
by the methylene blue method. The detection limit for an 8 h 
exposure is 0.01 ppm H2S with a working range of 0.1-20 ppm. 
The device responds in less than 30 sec and is unaffected by 
variations in temperature and humidity. The use of EDTA 
increases sample stability as to allcw sampling of over one 
week. The only significant interference observed is from
chlorine (-6.6%) .
For the hydrogen cyanide monitor, samples are collected 
in 0.1N NaOH and analyzed by conversion to a colored species. 
The detection limit for the method is 0.01 ppm HCN for an 
8 h exposure with a working range of 0.1-50 ppm. The device 
responds rapidly and is unaffected by humidity. Temperature 
affects the response with a maximum error of "**5% over the 
normal working range (0-45°c). The only significant inter­
ferences observed were from chlorine and cyanogen (-73.7 and 
+21% relative error respectively). The effects of the former
were reduced to less than -3% with the addition of ascorbic
acid to the absorbing solution.
In all cases, a device can be constructed that is small
in size, lightweight, and can serve as either an area or 
personal monitoring system.
1CHAPTER I 
INTRODUCTION
Man has never been content simply to accept the 
"status quo" of his surroundings. Our history is one of 
continuous exploration, investigation, and modification. 
This striving for environmental "perfection" has lead to 
such wonders as television, rapid air transport, and the 
ability to "create" new forms of life. In just the last 
few centuries, our technology has enabled us to increase 
our lifespan and extend our environment beyond the earth.
While rapid technological growth has resulted in 
many beneficial products, it has also unleashed many 
new hazards. We are becoming increasingly aware of the 
effects of trace contamination of the environment but 
the problem is not new. As far back as 1273, an
anti-smoke ordinance in London, England forbade the use of
"sea coal" which gave off black, sooty smoke and was 
considered deleterious to health.^" Factories that produce 
the wonders of our time also introduce a wide variety of 
hazardous materials into our air and water each day.
Within these factories, one of the most harmful aspects of
our technology is the daily exposure of workers to
toxic substances, such as: chlorine, hydrogen sulfide, and 
hydrogen cyanide.
In 1970, the Congress of the United States passed
2the Williams-Steigers Occupational Safety and Health Act 
(PL 91-596). This legislation created two agencies for 
the establishment and enforcement of safe working conditions. 
The National Institute for Occupational Safety and Health, 
NIOSH, was created within the Department of Health,
Education, and Welfare and was charged with conducting 
research and other studies necessary to make recommend­
ations for Federal regulations to limit occupational 
hazards. The Occupational Safety and Health Adminis­
tration, OSHA, was formed within the Department of Labor 
and was made responsible for proposing, adopting, and 
enforcing these regulations. At present, OSHA has
2
established exposure limits for over 300 substances.
Typically, the determination of compliance with 
the OSHA exposure limits has been to measure the degree 
of exposure of each individual. Methods currently 
employed for this purpose tend to be cumbersome and 
expensive. This dissertation describes new methods for 
the monitoring of personal exposure to chlorine, hydrogen 
sulfide, and hydrogen cyanide that overcome these diffi­
culties. It is hoped that these techniques will ease 
the burden of the worker who is faced with the bulk and 
hinderances of wearing the devices now in use.
3PART ONE
A Personal Chlorine Ifonitor Utilizing Permeation Sampling
4CHAPTER II 
INTRODUCTION
A. Sources of Chlorine.
Chlorine is found in nature in the conbined state
only/ chiefly as common salt (NaCl) , carnallite (KMgCl3 »6H20),
and sylvite (KC1). While knowledge of chlorine containing
Compounds dates back to prehistoric times, the history
of elemental chlorine is relatively short, with its
discovery by Scheele in 1774. Scheele, however, did not
recognize it as an element, thinking it contained oxygen.
Davy, in 1810, was the first to insist that it was an element.3
Chlorine is commercially produced by the electrolysis
of brines with the first plant being established in the
United States by the Electro-Chemical Company in 189 2.
Its major use at that time was the on-site production of
bleaching ponders. In 1909, the Niagra Alkali Company
(now Hooker Chemical) first liquified the gas, allowing
for its storage and shipment. This capacity lead to the
rapid expansion of the industry. By 1910, eleven plants
were in operation in the U.S. with a total capacity of
a
200 tons per day. A typhoid epidemic in Niagra Falls 
(1912) led to chlorine being used widely in water purifica-
5
tion. World One saw its use as a war gas (1915). During 
the period between World War One and World War TWo, many
ne/ industrial uses were found for chlorine, with a
notable increase in the use of ethylene glycol and chlor-
3
inated solvents. By 19 70, the chlorine production
capacity in the United States had reached approximately
4
30,000 tons per day.
End use patterns have shifted drastically since 
the early 1900s, when chlorine was used primarily in the 
paper and pulp industry and for water purification. While 
it is still used extensively in these fields, they new 
only account for 16% and 3%, respectively, of the total 
chlorine consumption. At present, approximately 80% of 
the chlorine produces in the U.S. is used in the production 
of chemicals, with solvent production accounting for a
4
third of this.
B. Importance and Health Effects.
Chlorine is not a pollutant to which the population 
in general is typically exposed. Exposure is limited 
almost entirely to workers at facilities that produce or 
use the gas. The hazards associated with high levels of 
chlorine have long been recognized. Its presence at 
concentrations greater than 3 ppm (by volume) is character-
3
ized by a sharp penetrating odor. At higher concentra­
tions, the severely irritating effect of the gas makes it 
unlikely that a person will remain in a chlorine contam­
inated atmosphere unless he is unconscious or trapped.
The acute toxic effects associated with chlorine
are attributed to chlorine's attack of moist body surfaces,
notably the eyes and respiratory system. Exposure to
low levels (l-15ppm) of the gas for extended periods
(3 hours or more) can result in excessive general
excitement of the person, restlessness, throat irritation,
5sneezing, and copious salivation. Higher concentrations 
(20-60 ppm) will result in almost immediate retching, 
vomiting and may affect breathing as to cause suffocation 
within an hour. Concentrations of 100 ppm or greater are 
considered lethal within minutes.^
It is the general belief among workers that small 
quantities of chlorine in the air act not only as a 
protection against respiritory infection but also as a cure.^ 
However, concentrations of 1 ppm may produce slight symptoms 
after several hours of exposure.^ Chester studied 139 workers 
in a chlorine plant exposed to low levels (1 ppm). of 
those studied, 55 had had accidental acute exposure 
requiring oxygen therapy yet only 3 showed any significant 
changes in lung function. Experimental animal studies 
by Winternitz of various chlorine levels supported the fact 
that chronic bronchitis and pneumonitis can be induced by 
exposure to low levels of chlorine and demonstrated that a
g
level of 1 ppm can be considered safe.
At present, OSHA has adopted the previously accepted 
safe level of 1 ppm chlorine per 8 hours, time weighted
2
average (TWA) as its maximum allowable exposure level.
NIOSH has recommended a ceiling limit of 0.5 ppm for any
9
15 minute sampling period.
C. Present Methods.
With the establishment of a 1 ppm personal
exposure limit for chlorine, a need for monitoring methods
that reflect actual individual exposures has been created.
Methods used to determine chlorine include gravimetry,
turb idimitry, nephelometry and spectrophotometery
For the determination of traces of chlorine in air, spectro-
photometric procedures are typically the methods of choice.
Ttfo of the present spectrophotometric approaches used to
determine collected CI 2  involve the use of o-tolidine"^
12
or methyl orange. With o-tolidine, the sample is collected
in an impinger containing a NaOH solution and at the end
of the collection period, o-tolidine is added. A yellcw
color is produced and measured. The color developed in
this method is unstable and the reaction itself is
13acutely dependent on pH. The latter method also relies 
on impinger collection. Chlorine concentrations are 
determined by the quantitative bleaching of a methyl 
orange solution. This method, like all other bleaching 
techniques, lacks precision and accuracy at lew chlorine 
concentrations. Detector tiiaes are also available which 
produce a stain that is proportional to the degree of
8CI 2  exposure.10
D. Development of the Present Method.
All of the present methods for sampling of chlorine
in a personal monitoring system have one thing in common.
They all are active sampling methods in which the air
sample is dra/n through a collection medium. With the
exception of a detector tube system, all methods require
that the sample be collected in a liquid medium via an
impinger. Active sampling techniques involve the use of a
portable battery operated pump. These relatively bulky,
inconvenient and expensive collection devices now available
are a deterrent to personal monitoring. The problems with
the mechanical and chemical processes add further
to the need for a better approach for personal monitoring
for chlorine.
In the belief that there had to be a better way to
monitor personal exposure to chlorine, we undertook this
14- 16research project. Other meirbers in this research group
had developed proven methods for the determination of
certain organic and inorganic vapors by trapping in a
suitable absorbing medium the gas which permeates through
17 18a polymeric meirbrane. Other workers ' had published 
findings on the permeation of organic vapors through 
similar menbranes. In view of these results, the possib­
ility of developing a personal monitoring device using the
14permeation technique of Reiszner and West has been 
explored.
Since present analytical methods for the determin­
ation of trace levels of chlorine leave much to be desired,
a new method for the quantification of chlorine was develop-
19 20ed based on a World One detection method. ' In the orig­
inal method, filter paper is treated with fluorescein and 
sodium bromide. When exposed to chlorine, tetrabromo- 
fluorescein (eosin) is produced as indicated by a color 
change from yellow to red. The reaction was shown to occur 
in solution when exposed to CI 2  gas and the eosin produced 
was found to obey Beer's law when measured spectrophoto- 
metrically at its absorption maximum (519 nm). The method 
proved to give quantitative results for the degree of 
chlorine exposure over the range of intrest and most 
importantly, proved to be a stable positive method for its 
determination.
Since earlier work had indicated that dimethyl 
silicone rubber membranes had the highest permeation 
constants for many compounds, these membranes were 
investigated. The single backed, one mil thick membrane 
was found to be satisfactory for our purposes.
The preparation of standard atmospheric levels of
chlorine was accomplished by using the permeation tube
21approach of O'Keeffe and Ortman.
The goal of this project was to produce a personal 
monitoring device that was small, lightweight, durable, and
used a passive sampling method. The analytical method 
allows for rapid analysis with relatively non-toxic 
reagents and provides sufficient sample stability to 
permit extended sampling periods and storage times.
11
CHAPTER III 
EXPERIMENTAL
A. Apparatus for Exposure Studies.
1. Basic Design of Equipment'for Chlorine Exposures.
The apparatus used for the exposure of the permeation
devices developed in this study was essentially that
14described by Reiszner. Laboratory air was cleaned and 
dried for the preparation of standard chlorine atmospheres.
A permeation device of the previous design was used for the 
initial feasibility studies of the approach. Finally, a 
personal monitoring device was designed, constructed, and 
calibrated for field evaluations.
2. Design and Preparation of Permeation Tubes.
The permeation tube is a device to provide primary
standards for trace gas analysis developed by O'Keeffe and 
21Ortman. Its use has been further studied by a number 
22- 24of authors. The permeation tube, Figure 1, consisted
of a glass bottle reservoir with a short length of FEP 
(tetrafluoroethylene hexafluoropropylene copolymer) Teflon 
tubing sealed by a brass plug. The glass bottle was 
prepared by sealing one end of a length of lOmM O.D. Pyrex 
glass tubing and drawing the other end to a 5mM O.D. neck. 
Preparation of the tubes in our laboratory was accomplished
FIGURE 1 
CHLORINE PERMEATION TUBE
12A
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by first affixing a length of FEP Teflon tubing to the 
neck of the bottle and cooling the tube by immersion in a 
dry ice - acetone bath. A disposable pipet was attached 
to a lecture bottle containing chlorine under its own 
pressure by means of a short length of Teflon tubing.
The pipet was then used as a nozzle to direct the flow 
of liquid Cl2 from the lecture bottle into the permeation 
tube. When the reservoir had been filled, the top portion 
of the Teflon tube was heated with a heat gun, softening 
the tube. This allowed the brass plug to be forced in.
By allowing the tube to cool slowly while keeping the 
reservoir immersed, an adequate seal was produced.
3. Calibration and Use of Permeation Tubes.
Since the rate of permeation through FEP Teflon is
22highly temperature dependent, it was necessary to maintain 
the permeation tubes at a precisely controlled temperature 
for calibration and use. For this purpose, a water bath 
was used that was maintained at a constant 30.00± 0.05°C 
for the duration of the study.
Calibration of permeation tubes is normally accomp-
23lished by a gravimetric procedure preciously described. 
Weighings were made at regular intervals throughout the 
study. Table I shews typical permeation data obtained from 
a standard chlorine permeation tube. The tube showed 
a constant permeation rate over its entire 12 month useful 
lifetime. Atthe end of this period, the supply of
14
TABLE I
CALIBRATION DATA FOR TYPICAL 
CHLORINE PERMEATION TUBE
Date Weight(g) Permeation
2/03 11.7918 ------
2/06 11.7372 12.54
2/08 11.7013 12.33
2/10 11.6678 13.32
2/13 11.6121 12.93
2/17 11.5369 12.91
2/22 11.4462 12.17
3/20 11.0035 12.27
4/06 10.7049 12.19
15
chlorine within the tube was completely exhausted. While 
the Teflon tubing become amber colored when saturated 
with chlorine, it remained clear throughout its lifetime.
4. Preparation of Standard Chlorine Atmospheres.
The various levels of chlorine in air required in
this study were prepared by using the apparatus illustrated
in Figure 2. Laboratory air was passed through 2 columns
of activated charcoal, to remove trace contaminates and
then through 3 columns of silica gel for removal of water.
The resultant clean, dry air was then passed through a
metering valve for flow regulation, which was monitored by
a flowmeter. The regulated stream of air was passed through
the permeation chamber which contained the Cl2 permeation
tube. The chamber was immersed in a constant temperature
bath. Finally, the Cl2-air mixture passed through the
exposure chamber into which permeation devices were placed
for study. The equipment used was essentially that
25described by Reiszner.
For all flow measurements, rotameters were used.
With careful use they were capable of measuring air flow 
reproducibily to ± 2% at full scale. To optimize accuracy, 
a varity of rotameters were employed to allow full scale 
or near full scale use when ever possible.
5. Permeation Devices for Preliminary Studies.
It was decided to use a permeation device similar
14to that developed by Reiszner for S02. The device, depicted
FIGURE 2 
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in Figure 3, consisted of a glass tube to which the silicone 
rubber meirbrane ( 1 mil, single backed ) was attached with 
silicone rubber cement. The device was inserted into a 
one hole rtbber stopper and then inserted into the exposure 
chanber to make an air tight seal. The chamber and devices 
could then be placed in a water bath for temperature 
studies and prevented the venting of chlorine gas into the 
laboratory. The open end of the device was sealed with a 
1 holed rubber stopper, in which a bent capillary tube had 
been inserted.
6. Humidity Studies.
Humidity was varied by mixing a humid stream with 
the dry Cl2“ air stream prior to entering the exposure 
chanber. As shewn in Figure 4, the humid stream was 
produced by directing air flew through two impingers, the 
first containing water and the second left empty to serve 
as a condensation trap. By varying the water level and 
the temperature of the first impinger, it was possible to 
vary humidity without changing the flcwmeter settings.
All RH measurments were made in the exposure chanber using 
a solid state prcbe.
7. Temperature Studies.
As was stated earlier, the exposure chamber was air­
tight, which allowed it to be immersed in a water bath.
The bath described earlier was used for studies at 30°C 
and a similar bath was set up and regulated at a
FIGURE 3 
EXPERIMENTAL PERMEATION DEVICE
18A
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varity of temperatures above 30°C. For studies below 
this temperature, ice baths and chilled water baths in 
an insulated styrofoam container were found to be adequate.
8. Interference Studies.
Where ever possible, standard gas mixtures were 
produced from permeation tubes by air dilution. The 
preparation and calibration of the permeation tubes and the 
air dilution system were identical to that used for chlorine.
For the study of ozone, the ozone generator 
14described by Reiszner was used. Ozone was generated by 
exposure of air to ultraviolet radiation within a two liter 
Pyrex flask. A mercury vapor germicidal lamp (GE-OZ 4511) 
provided the necessary ultraviolet light. The concentration 
of ozone in the Og- air mixture produced by this procedure 
was determined by a Frieze Chemiluminescence Ozone Analyzer 
(Environmental Science Division, Bendix Corporation). 
Chemiluminescence is considered the reference method for 
determining ozone in air.
9. Design of the Personal .Monitoring Device.
The purpose of this work was to develop a permeation 
method and from the method design a simple monitoring 
device. The principle design considerations were size, 
weight, convenience of operation, and durability. The final 
device is illustrated in Figure 5. The body was constructed 
of chlorinated polyvinyl chloride. The dimethyl silicone 
rubber menbrane was cemented to the back portion of the
FIGURE 5
CHLORINE DEVICE FOR FIELD STUDIES
Faceplate
Membrane
Backplate
Mounting Clip
Sealing Screws 
and Gaskets
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device with silicone rubber cement. The face plate was 
attached with stainless steel screws and aided in securing 
the meirbrane to the device, insuring a good seal. The ports 
for addition and removal of absorber were stainless steel 
screws for which the body had been tapped. Neoprene " 0 " 
rings acted as gaskets. The clip for attaching the monitor 
to the clothing of the worker was one that was removed 
from a discarded radiation film badge. The overall size 
of the device was 2 inches in diameter, 0.5 inches thick 
with an internal capacity of 10 mL. When fully charged 
with absorbing reagent, it weighed 40 grams.
B. Reagents and Materials.
High quality distilled, deionized water was used 
throughout. All reagents were reagent grade where possible.
1. Fluorescein.
Obtained in the acid form, No. P780, 9 6% assay, 
Eastman Kodak Company.
2. Eosin.
Obtained as the disodium salt, No. E-511. 87% 
assay, Fisher Scientific Company.
3. Chlorine.
C. P. Grade, Matheson Gas Products, minumum purity
99 .9%.
4. Fluorescein-Bromide Reagent.
The fluorescein-bromide reagent was prepared by
dissolving the following in deionized water: O.OOllg
fluorescein, 6.19g NaBr, 2.24g NaOH, and 13.6g K^PO^.
The fluorescein and NaOH were added first with a few mL 
of water and the mixture was then vigorously agitated to 
convert the fluorescein to its sodium salt (uranin) thus 
increasing its solubility. The resulting solution was 
diluted to 2L to produce the reagent which was 16 micro­
molar fluorescein , 0.03M NaBr with a pH buffered to 7.0.
C. Analytic Procedure.
The determination of chlorine involved two steps, 
collection of the sample and the analysis. The sample was 
collected by filling the device with lOmL of the fluor­
escein- bromide absorbing reagent and exposing the device 
to the chlorine-air mixture. At the end of the exposure 
period, the solution was removed from the device. For 
the analysis step, the solution was transfered to a 1 cm 
pathlength cell and measured at the absorbance maximum 
for eosin, 519nm. Unexposed reagent was used as a blank 
for zero reference.
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CHAPTER IV 
RESULTS AND DISCUSSION
A. Theory of Permeation in Polymers.
The theoretical aspects of permeation of gases
14through polymeric meirbranes have been well documented , 
so their discussion will be limited. Permeation of a gas 
through a polymeric membrane is considered to occur in 
three distinct steps. First, the gas dissolves in the 
membrane, followed by its migration through it. Finally, 
the dissolved gas evaporates at the back of the membrane. 
These processes lead to the generalized equation, 1 , 
describing permeation.
(1) N = PA(pl~p2)
s
where N = flow rate of gas across the membrane, 
P = permeability,
A = membrane area, cm2, 
s = thickness of the membrane, 
and (Pi” P 2 ) = difference in partial pressures 
across the membrane..
Permeation occurs because of the natural response of any 
system to stress applied to it. When the system is at 
equilibrium, p^ is equal to p2 and there is no net
gas flew across the membrane, as the Pi“ P 2  term of 
Equation 1 is zero. !»7hen a sorber for the gas is 
placed on the back side of the membrane, the equilibrium 
is disturbed, and there is a gas flew through the menbrane 
by permeation. An ideal sorber is one that is able to 
completely remove any gas that permeates through the 
membrane from the system. This drives p2 to zero and 
results in a situation where the rate of permeation for a 
given membrane is dependent only on the partial pressure 
of the gas on the outside of the membrane. All properties 
of the membrane-gas system are included in the permeability 
term, such as solubility of the gas in the membrane as well 
as the diffusion coefficient of the gas through the 
membrane.
As solubility and the diffusion coefficients are 
somewhat temperature dependent, there is often a change in
14
permeability with variations m  temperature. Reiszner
found a slight negative change in permeability for sulfur
15dioxide as temperature increased, Bell noted a rather 
large positive change for carbon monoxide, where as Nelms‘S  
found virtually no change.
Other factors that influence the rate of permeation 
are of physical origin. An increase in exposed menbrane 
area will result in an increase in the amount of gas 
permeating, where an increase in menbrane thickness will 
result in a decrease in permeation.
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Available membranes are not homogeneous with respect 
to thickness. As a result, it was necessary to determine 
the permeation constant for each device used. This constant 
was derived mathmatically from Equation 1. It was 
assumed that the sorbing reagent would remove all chlorine 
that had penetrated the membrame, so the P 2  value was 
zero. Thus, Equation 1 becomes:
(2) N = PAp-j/s .
To work with units of concentration, c, both sides of the 
equation were multiplied by time, t.
(3) c = Nt = PAp^/s.
As p^ is a concentration term, a constant, a, can be 
found to relate p^ to parts-per-million (ppm) of chlorine,
C. Equation 3 becomes:
(4) ‘ c = PAaCt/s
where p^ = aC.
By grouping all the constant terms into a single constant,
K, for each device:
(5) K = PAa/s
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Now, Equation 4 becomes:
(6) c = KCt.
Equation 6 may be rearranged to give the equation which 
allows the calculation of average chlorine exposure:
(7) C= c/Kt.
As the analytic finish was spectrophotometric, the c 
term was related to the absorbance of the eosin produced, 
so Equation 7 becomes:
(8) c = A/Kt.
where C = average concentration of chlorine, ppm,
A = measured absorbance at 519nM, 1 cK cell, 
t = exposure time, h, 
and K = an experimentally determined constant,
absorbance units/ppm h.
The constant, K, is the reciprocal of the constant, k, as 
defined in the original theory on permeation sampling."^
B. Determination of the Permeation Constant.
A linear response to cumulative dosage was verified 
by determining the absojbance after exposure to various
28
chlorine concentrations and exposure periods. The results 
are shown in Figure 6. The devices used in this study 
had K values of about 0.05 absorbance units/ppm h or 
in absolute units, 0.56 micrograms chlorine/ppm h.
C. Experimental Conditions for the Determination of Chlorine.
The primary purpose of the research was the develop­
ment of a monitoring method for industrial use. Since 
the method was expected to find its major use as a means 
of determining compliance to Federal exposure limits, 
chlorine levels of one tenth (0.1.ppm) to twice (2 ppm) the 
current limit were studied. Exposure periods ranging from 
15 minutes to 16 hours were employed. Devices were 
calibrated at room temperature (23°C)> using a dry chlorine-' 
air stream.
D. Effects of Temperature.
Because calibration of the devices was done at 23°C, 
it was necessary to determine if changes in temperature 
would cause any deviation in response. The effects of temp­
erature were studied over a range of 0-55°C. As illustrated 
in Figure 7, no significant deviations in response were 
observed.
E. Effects of Humidity.
A dry air stream was used for calibration as it was
FIGURE 6 
CHLORINE CALIBRATION CURVE
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felt that some deviation in permeation might occur.at 
higher relative humidities (RH). Humidity was varied 
by mixing a humid air stream with the dry chlorine- air 
stream coming from the permeation chanber. Over a 
range of 0-9 7% RH, response remained unaffected.
F. Response Time.
Permeation through a menbrane is not an instant­
aneous process. With some membranes, the response may
25take several hours. In an industrial environment, the 
device may be subjected to brief periods of high chlorine 
concentration and it is important that it responds quickly. 
By exchanging the absorbing solution at 3 minute intervals 
in a device being exposed to a chlorine stream, response 
was found to be 100% within the first 3 minute period (Table 
II). This placed the response time at less than 3 min. with 
the actual value probably being less than 0.5 min.
G. Effect of Absorber Concentration.
While fluorescein does not absorb strongly at 519nM, 
the variation of the blank at this wave length could be 
significant when low concentrations of chlorine are to be 
determined and high fluorescein concentrations are used.
For this reason it was desirable to keep the fluorescein 
concentration as lew as possible, bearing in mind that the 
amount of eosin formed is independent of the fluorescein
32
TABLE II
CHLORINE MONITOR RESPONSE TIME 
TIME (min)a ABSORBANCE (519nM)
0 0
3 0.013
6 0.013
9 0.013
12 0.012
aThis represents elapsed time, the solution' 
in the monitor was changed at 3 min intervals.
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concentration unless the latter becomes the limiting 
reagent. On the other hand, the use of too dilute an 
absorbing solution would result in rapid saturation leading 
to the bleaching of the product. The lover limit of the 
absorber concentration was dictated by the upper limit 
of the cumulative exposure to be measured. After a study 
of various absorber concentrations (Figure 8), it was 
found that a 16 micromolar fluorescein concentration was 
the optimum choice for measuring 0.8-16 ppm hours of chlorine 
exposure in the devices being studied. If high chlorine 
levels or extended exposure periods are anticipated, the 
fluorescein concentration can be increased.
Experience has shovn that the permeability of 
different batches of meirbrane varies widely. The concentr­
ation of fluorescein must be increased in proportion to any 
increase in permeability if the range of the method is to 
be maintained. Calibration must be carried out with the 
same strength reagent as is to be used in field exposures. 
Dilution of the reagent after exposure may be necessary to 
obtain an on scale reading, provided that the blank is 
treated similarly.
H . Effects of Light.
Anticipating the use of a personal chlorine monitor 
under a wide variety of lighting conditions, an evaluation 
of the effects of light on the absorbing reagent was
FIGURE 8
CHLORINE ABSORBER SATURATION POINT
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undertaken. The fact that bromide is light sensitive 
would lead one to expect a positive response to sunlight. 
Fortunately, no positive response was noted even after 
exposure for a 4 hour period to intense direct sunlight.
The fluorescein color (absorbance at 490nm) did fade 
almost completely during this exposure and the absorbance 
of the solution was slightly belcw that of the blank.
This intense fading was reduced to about 50% in a personal 
monitor depicted in Figure 5. In this monitor, the 
membrane face is the only portion of the device not shielded 
from light. Eosin solutions of comparable concentrations 
also faded but at a substantually reduced rate ( 10% in 
4 hours) which means that the primary concern must be with 
the fluorescein itself. It was also noted that faded solu­
tions would still yield results for chlorine exposure as 
long as the fluorescein does not become the limiting reagent.
I . Effects of p H .
The effects of pH of the absorbing solution was 
studied to determine the region of optimum response.
Buffered absorber solutions at pH values of 2.3, 4, 5, 6,
7, 8, 9, and 10 were studied. It was found that solutions 
with a pH in the range of 5-8 exhibited the greatest 
conversion of fluorescein to eosin as shewn in Figure 9.
A precipitate formed in solutions with pH less than 5 and 
solutions with a pH greater than 8 led to reduced eosin
36
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production. Buffering the absorber solution to pH 7 
was chosen to assure optimum eosin formation without the 
risk of precipitation. It was also noted that while the 
absorption maximum for fluorescein was pH dependent, the 
absorption maximum for eosin remained constant over the 
entire pH range studied (Figures 10, 11).
J. Evaporation Study.
To compensate for possible evaporation losses, the 
initial studies were conducted by dilution of both the 
sample and blank to 25mL with water. Later studies 
indicated that less than 3.5% evaporation loss occurred 
when devices containing lOmL of water were exposed for 
8 hours to completely dry air at 23°C. Therefore, all 
further studies were conducted without efforts to com­
pensate for the loss of water. It should be pointed out 
that the evaporation loss will increase with elevated 
temperature and quantative transfer and dilution may be 
necessary if high degrees of accuracy are desired or if 
extended exposure periods are employed.
K. Interferences.
Only gaseous pollutants can conceivably interfere 
with the permeation process. Furthermore, in order to 
cause an interference, the interferent would logically need 
to be an oxidant that would convert bromide to bromine or
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react with fluorescein or eosin directly. Ozone and nitrogen
dioxide were therefore expected to have some effect.
2
Nitrogen dioxide, with an exposure limit of 5 ppm , could
conceivably present a serious problem. By exposing the
devices to 5 ppm N02, it was found that the response was
only +0.01% of an equivalent chlorine exposure. While
2 6the exposure limit to ozone, 0.08 ppm , is well belcw that 
of Cl2, even low 0^ levels might cause significant errors 
at low Cl2 exposures. Devices exposed to 5 ppm 0^ for 4 
hours produced no measureable response. Therefore, neither 
N02 nor represent significant interferences. During 
field tests of the monitor, an inadvertant loss of hydrogen 
chloride occured. The monitors seemed unaffected but lab­
oratory studies were undertaken which confirmed that 
exposure to 1500 ppm hours of HC1 was without effect.
L. Field Tests.
Independent field testing was conducted at a local 
chlorine production facility. Five calibrated Cl2 monitors 
and a supply of the reagent were furnished for testing. At 
the decresion of the plant personnel, replicate samples 
were taken with the monitors and with battery - operated 
pump with impinger samplers placed in areas of the plant 
considered to represent typical exposures. Monitoring was 
conducted for 2 hour periods with the sub sequent analyses 
being done by the plant personnel. Data so observed are
shown in Table III. Bubbler determinations were conducted
27using a modification of the methyl orange method.
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TABLE III
CHLORINE MONITOR FIELD EVALUATION
DATE IMPINGER (ppm Clo) PERMEATION DEVICES
12/1/78 0.47 0.52 0.67 0.56
1.10 1.10 1.20
0.28 0.44 0.49 0.52
12/4/78 0.80 0.80 0.90 0.90
0.90 0.70 0.60
12/5/78 0.24 0.25 0.26 0.28
0.13 0.16 0.22
12/6/78 0.09 0.40 0.20 0.30
0.09 0.20 0.20
0.20 0.20 0.20 0.10
0.20 0.20 0.20
12/7/78 0.93 0.97 1.10 1.10
0.93 0.95 0.97
appm Cl2, two or three devices per site.
PART TWO 
A METHOD FOR THE DETERMINATION 
PERSONAL EXPOSURE TO HYDROGEN SULFIDE
44
CHAPTER V 
INTRODUCTION
A. Sources of Hydrogen Sulfide.
Hydrogen sulfide (H2S) is one of three sulfur
3
hydrides, H2S, H2S2, and I^S^. It occurs naturally in
combination with other sulfur compounds. Petroleum and
natural gas deposits represent major sources of hydrogen
sulfide and the gas is found to a lesser extent in coal
28mines, volcanic gases, and sulfur springs.
Historically, hydrogen sulfide first appeared in 
writings of the alchemists. Bertholet was the first to 
identify the gas in 179 6 by the action of acid on metal
g
sulfides. The toxin has limited industrial use, primarly 
in the production of chemicals and the removal of metal 
impurities. It is, however, a by-product in many indust­
rial processes, notably in the natural gas, petroleum and
28coal-coking industries. Hydrogen sulfide can also be
formed as a result of bacterial action on sulfur-contain- 
5ing wastes.
B. Importance and Health Effects.
Hydrogen sulfide exposure is limited to facilities 
where it is generated as a by-product, to sites where 
natural gas and petroleum are produced, and to the "stink 
damp" associated with deep coal mining. At concentrations
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greater than 0.3 ppm by volume, hydrogen sulfide can be
detected by its characteristically offensive, "rotten eggs"
odor. However, at soms^hat higher concentrations or with
28extended exposure, the sense of smell may be lost.
The greatest hazard presented by hydrogen sulfide 
is from its acute effects. While free I^S in the blood is 
rapidly converted to physiologically inert compounds 
such as thiosulfate and sulfate, concentrations greater
5
than 700 ppm can cause systemifc poisoning. This can lead 
to respiratory paralysis and death with little or no 
warning. Its toxic action resembles that of hydrogen 
cyanide
The sub acute effects of hydrogen sulfide are due 
primarily to its action as an irritant. Exposures to 
concentrations between 70-700 ppm can result in irritation 
of mucous merbranes of the eyes and respiratory system. 
Prolonged exposure of 250-600 ppm may result in pulmonary 
edema or bronchial pneumonia. Headaches, dizziness, 
excitement, nausea, dryness, and sensation of pain in 
the nose may also be associated with subacute hydrogen 
sulfide exposures.^ Photophobia can result from repeated 
exposure to lew levels (1-50 ppm) of the toxin, but no 
permanate damage to the cornea is observed.
The currently accepted threshhold limit value (TLV) 
for exposure to hydrogen sulfide recommended by the American 
Conference of Governmental Industrial Hygenists is 10 ppm.^
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OSHA has adopted a value of 20 ppm as its 8 hour TWA, with
2a 10 minute, 50 ppm maximum exposure peak.
C. Present Mathods for the Determination of Hydrogen Sulfide.
Most procedures for the determination of personal
hydrogen sulfide exposure utilize active sampling, where
the sample is drawn through either a detector tube or
impinger. The former relies on the production of a concen-
29 30tration dependent stain. ' The latter methods involve
either a cadmium hydroxide or zinc acetate suspension for
trapping, with the resulting sulfide precipitate being
31 32analyzed by titration with iodine ' or by the formation
of a colored species which is determined spectrophoto- 
33 34metrically. ' A major disadvantage with the trapping 
techniques is the rapid loss of sulfide due to decomposition. 
Another problem with all of these methods is the require­
ment of a bulky pump and battery. Such systems are costly 
and require substantial time for maintenance and calibra­
tion. Passive systems usually use some form of the 
lead acetate method, where the dark stain produced is at 
best a semiquantitative determination.^
D. Development of the Present Method.
As with the work that led to the development of the 
chlorine monitor, this research project was undertaken to 
develop a permeation-type monitor for the determination
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of personal exposure to hydrogen sulfide.
35The methylene blue method for the determination
of trace levels of sulfide was chosen as the analytical
finish. In this procedure, I^S samples are collected in
an absorbing medium, usually cadmium hydroxide. The
resulting sulfide precipitate is treated with acidic
N, N- dimethyl-p-phenylenediamine in the presence of 
3+excess Fe and Cl to form methylene blue which is then 
determined spectrophotometrically at 670nm.
It was felt that the use of a precipitate-forming 
absorber would present a problem by coating the inner 
surface of the membrane used for sampling. Difficulties 
in removing the precipitate from the device was also 
expected. For this reason, the use of a non-precipitating 
absorbing reagent was studied. A 0.2N NaOH solution 
containing ethylenediaminetetraacetic acid (EDTA) was found 
to be adequate for our purposes.
The single backed, 1 mil, dimethyl silicone 
membrane was again used as the sampling membrane.
The goal of this project was to produce a passive 
personal monitoring device that was small in weight and 
size. Also, finding a means of stabilizing and increasing 
storage time for sulfide samples once collected were of 
major importance.
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CHAPTER VI 
EXPERIMENTAL
A. Apparatus for Exposure Studies.
1. Similarities to Chlorine Studies.
The apparatus used for calibration, temperature, 
humidity, and interference studies was identical to that 
used for the chlorine studies. Experimental devices were 
constructed in the same manner as was described earlier 
or in some cases, the same devices employed for this 
work were ones originally used in the chlorine studies. 
The only deviation from the original equipment was the 
method used for preparing standard .hydrogen sulfide 
atmospheres.
2. Preparation and Standardization of the 
Hydrogen Sulfide Tank.
The initial standard hydrogen sulfide tank was 
obtained from Airco Gas Company as H 2 S in a diluent of N 2 . 
The tank was standardized in our laboratory by bubbling a 
known volume of gas through lOmL of the absorbing solution 
and analyzing by the methylene blue method. By comparison 
to standards, the tank was found to provide a H2S level of 
1140 ppm. Later, a second standard H 2 S tank was prepared 
by bleeding pure hydrogen sulfide into the empty Airco tank 
and pressurizing with N 2 . The tank was homogenized by 
slowly heating the base of the tank. The tank proved to
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be adequately mixed after three days of heating. By 
standardizing the tank in the same manner as with the 
original tank, it was found that it would provide a 
H2S level of 1210 ppm.
3. Preparation of Standard Hydrogen Sulfide 
Atmospheres.
The various levels of H2S in air required in this 
work were prepared by mixing metered air with gas from the 
tank as illustrated in Figure 12. Concentrations from 
one to 200 ppm H2S were prepared in this manner.
B . Reagents and Materials.
High quality distilled, deionized water was used 
throughout. All reagents were reagent grade where possible.
1. Hydrogen Sulfide.
C. P. Grade, Matheson Gas Products, Minimum purity
99.6%.
2. Hydrogen Sulfide Prepared Tank.
Airco Gas Company, 1140 ppm H2S, N2 balance.
3. N,N-Dimethyl-p-phenylenediamine.
Obtained in the sulfate form, No 1332, 97% assay, 
Eastman Kodak Company.
4. Amine-Sulfuric Acid Stock Solution.
The stock solution was prepared by adding 12g of 
N,N-dimethyl-p-phenylenediamine sulfate to 80 mL of 1:1 
H2SO/j and diluting to lOOmL.
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FIGURE 12
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5. Amine-Sulfuric Acid Test Solution.
The test solution was made by diluting 25 mL of the 
stock solution to 1 liter with 1:1 I^SO^.
6. Ferric Chloride Solution.
This solution was prepared by dissolving lOOg 
FeCl2 *6H20 in enough water to produce a lOOmL final volume.
7. Absorbing Solution.
The absorbing solution was 0.2N NaOII containing 
0.2% EDTA by weight.
8. Sulfide Standards.
Sulfide standards were prepared from a stock 
solution of sodium sulfide in 0.2N NaOH. The strength of 
the stock solution was established by conventional 
iodimetric titration. Subsequent standards were produced 
by dilution of the stock.
C . Analytical Procedure.
The determination of hydrogen sulfide was accompl­
ished in three steps. First, a sample was collected in 
the monitor which contained lOmL of the absorbing solution 
that had been exposed to the H2S-air mixture. At the end 
of the exposure period, the sample solution was transfer . 
red to a lOOmL volumetric flask. One milliliter of the 
amine test solution followed by 0.1 mL of the ferric chloride 
solution was then added. The flask was then stoppered, 
shaken for 1 minute and allowed to sit for at least 30
minutes. Finally, the resulting solution was diluted to 
volume, transfered to a 1 cm pathlength cuvette and its 
absorbance measured at 670 nm using a blank for zero 
reference.
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CHAPTER VII 
RESULTS AND DISCUSSION%
A. Determination of the Permeation Constant.
The theoretical aspects of permeation and the deriv­
ation of the permeation constants have been discussed earlier 
in this paper. The only difference between the calculations 
involved for the chlorine monitor and the one used for 
hydrogen sulfide is that absolute units of micrograms 
sulfide collected as opposed to absorbance units are used 
for the term c. Equation 7 becomes:
(9) C = W/Kt
where C = average concentration of H2S, ppm,
W = weight sulfide collected, micrograms, 
t = exposure period, hours, 
and K = permeation constant, micrograms/ppm h.
A linear response to cumulative dosage was verified 
by determining the quantity of hydrogen sulfide (as sulfide) 
after exposure to various time intervals and H 2S concent­
rations. The devices used in this study had K values of 
about 0.70 micrograms per ppm hour and as illustrated in 
Figure 13, proved to give a linear response for a range of 
2-180ppm h. Concentrations of H 2S over a range of 1-200 ppm 
and time periods ranging from 0.5-24 hours were studied.
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The W term was found by comparison with a calibration 
curve for the methylene blue method which, for our work, 
had a slope of 137.8 micrograms sulfide in lOOmL/ absorbance 
unit.
B. Environmental Effects.
Because all calibration work was conducted using 
dry air at 23°C, it was felt that studies at various 
relative humidities and temperatures were necessary.
As indicated in Figures 14 and 15, no significant variat­
ions in response were noted over a range of -3 to 39°C or 
near zero to 99% RH.
C. Response Time.
In an industrial environment, a worker may be exposed 
to brief periods of high I^S concentrations. It is there­
fore necessary that the monitor respond rapidly, as 
permeation through a membrane is not spontaneous. By 
exposing a device to a constant concentration of hydrogen 
sulfide and changing the absorbing solution at one minute 
intervals, the response time could be found. As shown in 
Table IV, the device had responded to 100% within 1 minute, 
placing the response time at less than 0.5 minutes.
D. Sample Stability.
As sulfide is known to oxidize rapidly in dilute
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HYDROGEN SULFIDE RH EFFECTS
TABLE IV
HYDROGEN SULFIDE MONITOR 
RESPONSE TIME
TIME (min)a ug S= ABSORBED
0 0
1 12.95
2 11.71
3 12.25
4 11.71
5 10.20
6 11.02
7 11.58
8 13.09
9 11.58
10 12.95
A
solution changed at 1 min intervals
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alkaline solutions, many attempts have been made to
stabilize it as a heavy metal p r e c i p i t a t e . 32'33
Because it was thought that a precipitate formation
might interfere with the sample collection and removal,
an alternate method of stabilization was sought. One
author suggested the use of various additives for stab- 
3 6ilization. Another found that the addition of EDTA to
the trapping solution would stabilize the sulfide for
2+up to one week, citing the EDTA's ability to mask Fe ,
3+ 2+Fe , Mn and other cationic species, which were consid-
37ered catalysts of oxidation. It was felt that the use
of EDTA would offer the best approach.
Studies were undertaken to determine the effects of
2-
various metal ions on the rate of S loss, with and with­
out EDTA being added, and the effect of various grades of 
NaOH. Metal ions studied were those commonly listed as a 
trace contaminate for either NaOH or Na2S*9H20.
As shown in TableV , the addition of EDTA to the
solutions decreased the rate of sulfide loss but only
3+in the case of Fe was enhanced stability significant. 
However, when alkaline solutions of sulfide were 
prepared with EDTA, a significant increase in stability 
was noted. Two different brands of NaOH were screened 
showing that the one having the highest Fe assay resulted 
in the greatest rate of sulfide loss (Figure 16) but with
TABLE V
EFFECTS OF CATIONS ON S LOSS AGTER 24 H 
CATION a % LOSS %LOSS VTITE EDTA
Fe3+ 42 0
11 2+Hg 26 19
n o t
o + 82 25
Cu2+ 100b 59
Mn2+ 75 65
aOne ppm solutions of each 
occured within 15 min.
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FIGURE 16
SULFIDE STABILITY IN VARIOUS BRANDS OF NaOH
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the addition of EDTA, either brand yielded a stable
sulfide solution. For this reason, it was felt that the 
3+Fe was the major cause of sulfide degradation. As 
shewn in Figure 17, sulfide samples collected in 0.2N NaOH 
containing 0.2% EDTA can be stored for up to 10 days with 
less than a 10% loss of sulfide.
E. Interferences.
Only gaseous species can conceivably interfere with '
a permeation-type monitoring system. The method is
considered relatively specific for sulfide with only nitro-
38gen dioxide and oxidants causing adverse effects.
Since chlorine has been shewn to permeate rapidly through 
the membrane, it was studied as a representative oxidizing 
species. Devices were exposed to a Cl2-air stream which 
was produced by passing dry filtered air over a standard 
chlorine permeation tube. Each device contained suffic­
ient sulfide to be equivalent to an 8 hour exposure 
at the ceiling value of 20 ppm (130 micrograms). A 6.6% 
decrease in response was noted when devices were exposed 
to 8 ppm of chlorine for one hour, which is equivalent 
to 8 hours at the TLV of 1 ppm. The effects of N02 
were determined by adding sufficient N02” to a sample
solution to be representative of an 8 hour exposure at its 
2
TLV of 5 ppm . Studies had shown that about 20 micrograms
_ 3g
N02 would be collected. An interference of +0.75% 
was observed.
FIGURE 17
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PART THREE 
A PERSONAL MONITOR FOR HYDROGEN CYANIDE 
EMPLOYING PERMEATION SAMPLING.
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CHAPTER VIII 
INTRODUCTION
A. Sources of Hydrogen Cyanide.
Hydrogen cyanide or prussic acid is a colorless
gas which exibits a penetrating odor resembling that of
"bitter almonds". It has long been noted for its rapid
3action as a poison. Hydrogen cyanide is made industrially
40by the catalytic oxidation of methane and ammonia. Liq­
uid HCN is unstable and can polymerize violently in the 
absence of a s t a b i l i z e r I n  aqueous solutions, polymer­
ization is induced by ultraviolet radiation.
Hydrogen cyanide is thought to have been one of 
the small molecules in the earth's primeval atmosphere and 
to have been an important source or intermediate in the 
formation of biologically important chemicals Under 
pressure with traces of water and ammonia, HCN pentamerizes 
to adenine, while HCN can also act as a condensing agent 
for amino acids to give polypeptides.^
Hydrogen cyanide can also be produced by the action 
of certain plants and bacteria and is a by-product m  
many industrial processes.
The largest use of hydrogen cyanide, is in the 
production of acrylonitrile. This accounts for about 52% 
of the total consumption. The production of methyl 
methacrylate, adiponitrile, and sodium cyanide account for
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18, 14, and 7% of the total consumption, respectively.
The remainder is used in the manufacture of a varity of
6chemicals such as dyestuffs and fertilizers.
B. Importance and Health Effects.
Hydrogen cyanide exposure can occur at production, 
sites but is more likely to occur where it is used or 
occurs as a by-product. It is present around blast 
furnaces, dyestuff works, gas works, and coke ovens. It is 
also found wherever cyanide is used, such as at metal 
extraction facilities.^
Hydrogen cyanide toxicity is due to its ability to 
paralyze the respiratory enzyme cytochrome oxidase
5thereby stopping oxidation of protoplasm in cell tissue.
At exposure levels of 100-500 ppm, the acute symptoms of 
hydrogen cyanide become evident. At these levels, exposure 
to HCN is indicated by giddiness, headache, unconsciousness, 
convulsions, and cessation of respiration by paralysis of 
the respiratory center of the brain. At concentrations 
of 3000 ppm or greater, exposure to the gas is almost inst­
antly fatal.^ Death resulting from hydrogen cyanide 
exposure is indicated by the "cherry red" color of the 
blood.^
Exposure to subacute levels of HCN (20-100ppm) 
results in irritation of the throat, difficulty in breath­
ing, watering of the eyes, salivation, headaches, a metallic
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taste in the mouth, and general body weakness. However
hydrogen cyanide is not considered a respiratory irritant.
Low level exposure (below 20 ppm) may result in weakness,
nausea, and cramps and if the person is constantly exposed
to these levels, a loss of appetite, paralysis, rashes
5 9and the manifistation of physchoses may result. '
Hydrogen cyanide toxicity is similar to hydrogen 
sulfide, however, unlike K2S, HCN is readily dssorbed
Q
through the skin. This limits the use of respirator 
equipment as a means of protection.
The body naturally removes cyanide by converting it 
to thiocyanate. It is when the rate of cyanide build up 
is greater than the body's ability to convert HCN that 
the toxic effects of cyanide become evident. However, 
secondary chronic effects can appear. High levels of 
thiocyanate in the blood can produce changes in thyroid 
function by preventing the uptake of iodine which can
5
result in goiter formation.
The currently accepted TLV for HCN is 10 ppm and 
this value has been adopted by OSHA as its present 8 hour 
TWA.2,6
C. Methods for the Determination of Hydrogen Cyanide.
Many sensitive and accurate methods have been des­
cribed for the detection and determination of hydrogen 
cyanide in air. Tests which are used to detect the
presence of hydrogen cyanide include the benzidine-copper 
42acetate test , where a blue color indicates the toxin's
43presence and the phenolphthalein method where a color 
change from pink to bluish-pink is used to warn of the 
presence of the toxin.
Methods for the determination of hydrogen cyanide
44-include a v a n t y  of titrimetric and colorimetric methods.
Other methods used for the determination of cyanide include
48the use of a cyanide ion selective electrode and
49detector tubes.
Impinger-pump or detector tube-pump type systems 
are the present means of sampling. The relatively bulky, 
inconvient and expensive collection devices are a deterrent 
to personal monitoring, demonstrating the need for a better 
approach to sampling.
D. Development of the Present Method.
We under took this work to develop a monitor for
hydrogen cyanide, as it was felt that there was a need for
a passive sampling method. The method of analysis was that
50 51described by Asmus and Garschagen ' and recommended by
the ASTM as a standard method for the determination of 
52HCN.
The method makes use of the reaction of the cyanide 
ion with chloramine T. The resulting cyanogen chloride 
reacts with pyridine and barbituric acid to produce an
intensely colored product. This product is measured 
spectrophotometrically at 579nm.
A single backed, 1 mil, dimethylsilicone membrane 
was used as the sampling membrane as it had demonstrated 
excellent response for chlorine and hydrogen sulfide.
It was also used to demonstrate that a single membrane- 
monitor system could be used for many inorganic vapors 
only by altering the absoibing medium.
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CHAPTER I X  
EXPERIMENTAL
A. Apparatus for Exposure Studies.
1. Similarities to Chlorine Studies.
The apparatus used for the calibration, temperature, 
humidity, and interference studies was identical to that 
employed for the chlorine work. Experimental devices were 
constructed as described in Chapter Two. The only variation 
from the original equipment was that .a different permeation 
tube design was employed.
2. Design and Calibration of Permeation Tube.
A permeation tube of the design described earlier 
could not be used for HCN because of the vapor's
low permeability through Teflon. The design used 
in this study, Figure 18, had a greater active area.
The permeation tube consisted of a FEP Teflon cylinder,
0.25 inches I.' D. and 10 inches in length. The tube was. 
filled with liquid HCN and stoppered at both ends. Prepar­
ation of the tube was accomplished by first stoppering one 
end of the tube with a plug made of TFE Teflon (polytetra- 
fluoroethylene) and cooling the tube by immersion in an ice 
bath. The tube was then filled by a method similar to that 
described for the chlorine tube. When the tube was filled, 
it was stoppered with another Teflon plug.
Because liquid HCN can polymerize violently upon
FIGURE 18 
HYDROGEN CYANIDE PERMEATION TUBE
TFE TEFLON 
PLUG
FEP TEFLON 
TUBE
HCN
H3P°4
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standing, a drop of orthophosphoric acid was added to
the tube before filling it with HCN. The acid is considered
an inhibitor for the polymerization/*
The permeation tube was calibrated by weight by the 
method described earlier. Initial calibration was conducted 
in a 30°C water bath. The rate of permeation for the 
tube was found to be too low /for our purposes. By increas­
ing the bath temperature, it was possible to increase the 
tube's permeation rate. A water bath set at 45.00®Cwas 
found to be adequate, with the tube providing a permeation 
rate of 3.5 micrograms per minute.
Later work indicated that the permeation rate was 
subject to variations from day to day, but weighing of the 
tube could only be done at one week intervals due to 
the low permeation rate. As a result, the permeation rate 
of the tube was determined by passing a known volume of 
the HCN-air mixture through an impinger containing lOmL of
0.1N NaOH. The cyanide collected was determined using 
the pyridine-barbituric acid method. The permeation rate 
could then be calculated. Impinger samples were taken 
at regular intervals through out the exposure periods.
B. Reagents and Materials.
High quality distilled, deionized water was used 
throughout. All reagents were reagent grade where possible.
1. Hydrogen Cyanide.
Commercial grade, Mhtheson gas products, Minimum 
purity 9 9.5%.
2. Barbituric Acid.
No. 7180-1, 9 8% assay, Mallinckrodt.
3. Chloramine T .
No. 1020, 96 + % assay, Eastman Kodak Company.
4. Pyridine-Barbituric Acid Reagent.
The reagent was prepared by the addition of 300mL' 
pyridine to 60 g barbituric acid that had been wetted with 
deionized water. Sixty milliliters of concentrated 
hydrochloric acid were then added, the solution mixed, 
allowed to cool, then diluted to one liter with deionized 
water. Although the reagent began to darken within a few 
minutes, it was stored for up to 6 months with no loss in 
effectiveness.
5. Chloramine T Solution.
This solution was prepared by dissolving one gram 
chloramine T in lOOmL deionized water. A fresh solution 
was prepared each week.
6. Buffer Solution.
The buffer was a one molar Na^PO^ solution.
7. Cyanide Standard Solutions.
A stock cyanide solution was prepared by dissolving 
2.51g KCN and 4g NaOH in water, diluting to one liter and 
standardizing against a standard silver nitrate solution.
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Subsequent cyanide standards were prepared by dilution 
of the stock solution.
8. Absorbing Solution.
The absorbing solution was 0.1N NaOH.
C . Analytical Procedure.
A lOmL aliquot of the absorbing solution was added
into the permeation device, which was then placed in the
calibration chamber. At the end of the exposure period
the sample solution was transferred to a lOOmL flask and
reagents added in the following order: 15 mL 1M Nal^PO^,
2mL chloramine T solution, and 5 mL pyridine-barbituric
acid reagent. The solution was then diluted to the mark
and allowed to sit 8 minutes for complete color development.
The resulting solution was then transferred to a 1 cm
pathlength cell and its absorbance measured at 578nm.
Solutions were always determined within 15 minutes after
the addition of reagents since the color will begin to fade
50upon prolonged standing. A blank was prepared with each 
set of samples and taken as zero.
By comparison with a calibration curve, the micro­
grams of hydrogen cyanide (as CN ) absorbed could be 
found. As shown in TableVI, in cases where the cyanide 
collected was expected to exceed the limits of the 
calibration curve, samples were first diluted to 100 mL 
with 0.1N NaOH and an appropriate aliquot was taken
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TABLE VI
DILUTION SCHEME FOR HCN MONITOR
ANTICIPATED EXPOSURE 
Less than 10 ppm h 
10-100 ppm h
100-200 ppm h 
200-500 ppm h
RECOMMENDED DILUTION 
Use entire sample 
Dilute sample to 100 mL 
with 0.1N NaoK and use 
10 mL aliquot 
As above but use 5mL 
aliquot
use a 2 mL aliquot
for the analysis.
It should be pointed out that the majority of the 
samples collected in this study were in the 10-300 ppm h 
range. As a result, most of the data reported for the 
collected CN~ represents the average for the analysis 
of three aliquots of the sample.
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CHAPTER X 
RESULTS AND DISCUSSION
A. Determination of the Permeation Constant.
The calibration constant, K, for each device was 
calculated by exposing the monitor to a known concen­
tration of hydrogen cyanide for a measured period of 
time. This constant has be defined earlier as:
(9) K = W/Ct,
where W = micrograms of CN* absorbed.
A linear response to cumulative dosage was verified 
by determining the quantity of hydrogen cyanide absorbed 
(as CN*) after exposure to various HCN concentrations 
and exposure periods. The micrograms cyanide absorbed 
was determined by comparison to a calibration curve, 
which for our work had a slope of 21.65 micrograms CN 
in lOOmL per absorbance unit. The devices used in this 
study had K values of about 1.5 micrograms CN*/ppm h 
and as shown in Figure 19, proved to give a linear response 
for the range of O.Olppm h to more than 500 ppm h.
B. Effects of Temperature.
Earlier studies have shewn that variations in temp­
erature may cause changes in monitor responses for some
FIGURE 19 
HYDROGEN CYANIDE CALIBRATION CURVE
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gaseous species.^ '54 It was, therefore, necessary to 
see if any such effects would occur with the hydrogen 
cyanide system. As illustrated in Figure 20, the devices 
showed a small deviation over a range of -3 to 44°C. if 
the devices were calibrated at room temperature (23°C), 
the maximum expected error over the normal working range 
would be approximately 5%.
C. Effects of Humidity.
As all calibration work was done using a dry air 
stream, it was felt that a study of response at varying 
humidities was necessary, since some deviation in response 
might occur. By mixing a humid stream with the dry HCN- 
air stream, RH values from zero to 99% were produced.
Over this range, no significant variations in monitor 
response were observed, as is depicted in Figure 21.
D. Response Time.
In an industrial situation, a device may be exposed 
to brief periods of high HCN concentration. For this 
reason, it is imperative that the monitor responds 
rapidly as permeation through a membrane is not an instant­
aneous process. ’ Response time was checked by exposing 
a device to HCN, in which the absorbing solution was 
changed a 5 minute intervals. As shown in Table VII, the 
device was found to have responded to 100% in the first
FIGURE 20
HYDROGEN CYANIDE TEMPERATURE EFFECTS
/2
0
9
-10 0 10 20
°C
0
-5
>
a)
T D
30 40 50
00
o
It*
FIGURE 21 
HYDROGEN CYANIDE RH EFFECTS
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TABLE VII
HYDROGEN CYANIDE MONITOR 
RESPONSE TIKE
TIME (min)a ug CN~ ABSORBED
0 0
5 0.53
10 0.51
15 0.46
20 0.51
25 0.58
30 0.53
solution changed at 5 min intervals
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5 minute period. This places the response time at less 
than 5 minutes.
E. Sample Stability.
By storing a cyanide sample and analyzing an 
aliquot at regular intervals, it was possible to determine 
hew long a sample could be stored if refrigerated at 4°C.
As shown in Table VIII, a small decrease in cyanide 
concentration was noted after 48 hours if refrigerated.
It also shews that samples will not have significant losses 
while a sample is being collected. It is recommended that 
samples be refrigerated if they are not to be immediately 
analyzed.
F. Alternate Analytical Finish.
As the sampling technique is independent of the 
method of analysis, -it is possible to use a cyanide 
ion selective electrode as an. alternate method of 
analysis.
Samples were analyzed using an Orion model 94-06 
cyanide ion selective electrode in conjuntion with an 
Orion Itodel 801 Ionalyzer. By continuously exposing 
a monitor to HCN and measuring the CN activity at regular 
intervals, a calibration curve could be constructed as 
in Figure 22.
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TABLE VIII
CYANIDE SAMPLE STABILITY
HOURS STORED uq CN~ Found
0 18.4
5 18.2
10 . 18.3
15 18.4
25 18.0
48 17.6
FIGURE 22 
CYANIDE ION SELECTIVE ELECTRODE 
CALIBRATION CURVE
ppm
/j l g CN absorbed
— ro
o
CJl
o
zr cn
roo
ro
cji
VS 8
G. Interferences.
Only gaseous species can conceivably interfere 
with a permeation type monitor. Species which could 
result in the conversion of CN- to another form, result 
in the formation of additional CN~, or interfere with 
the analytical finish were studied.
The analytical finish is relatively specific for 
cyanide, although it has been stated that sulfide (from
A *7
H2S) could interfere. Solutions containing varying 
-  2-amounts of CN and S were tested and no measurable
2-  -
interference was observed, even when the S to CN 
ratio was 30:1.
Species which may react with CN- in the monitor 
could also react with test streams of HCN. For this 
reason, all studies with potential interfering species 
were conducted in the following manner. Standard sol­
utions of CN” were prepared that were representative of 
high level (80 ppm h) and low level ( 8 ppm h) exposures 
to hydrogen cyanide. Devices containing these CN*” 
solutions were then exposed to potential interferences 
and the degree of interference measured as increases or 
decreases in response as compared to unexposed solutions. 
For the general category of oxidants, Cl2 was studied 
as a representative species. Exposures of Cl2 were also 
conducted in which ascorbic acid was added to the absorb­
ing solutions (2g/L solution) as a means of removing
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52interferences due to the presence of oxidants.
It was noted that while a solution containing 
ascorbate turned orange within minutes, the solution 
was decolorized with the addition of the buffer solution 
during the analytical finish. Studies also shoved that 
the addition of ascorbate did not interfere with the finish 
and the solution would remain stable for at least one 
month.
Formaldehyde, ammonia and cyanogen were also 
studied as possible interferences. The results of these 
studies and those for chlorine are given in Table IX.
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TABLE IX
INTERFERENCES FOR CYANIDE FINISH
INTERFERENT
Cl.
Cl2 
HCHO 
NH3 
(CN) ,
DECREE OF 
EXPOSURE (ppm h) 
16 
16 
20 
500 
30
% DEVIATION 
a bmax. m m .
-73.7 -10.6
- 2.3° - 0.23*
- 5.0 - 0.14
-  0.1 --------
+21.0'
astudies conducted with solutions containing CN levels
equivalent to 8 ppm h HCN exposure.
V* —
studies conducted with solutions containing CN levels
equivalent ot 80 ppm h HCN exposure.
°Studies conducted with ascorbic acid added to absorbing
solutions.
value given is in terms of equivalent exposure to HCN.
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CHAPTER X I  
CONCLUSIONS
The devices developed here provide simple and 
selective methods for the determination of personal 
exposure to chlorine, hydrogen sulfide, and hydrogen 
cyanide. In their final form, the monitoring systems 
are inexpensive and durable with a size and weight 
compariable to that of a radiation dosimeter. The 
devices can serve as personal or area monitors in 
industrial situations or for ambient air studies.
While the hydrogen cyanide monitor demonstrated 
a slight temperature dependency, all the devices have 
proven to be unaffected by normal environmental varia­
tions of temperature and humidity. The detection limit 
for the chlorine monitor is 0.013 ppm for an 8 hour 
exposure period. With the monitors for hydrogen cyanide 
and hydrogen sulfide the detection limit was 0.01 ppm for 
each. The detection limit was assumed to be twice the 
variation of the blank. Blank variations were * 0.005 
absorbance units for chlorine, - 0.05 micrograms sulfide 
in 100 mL for hydrogen sulfide, and + 0.08 micrograms 
cyanide in 100 mL for hydrogen cyanide.
The major problem at this point is the develop­
ment of personal monitoring systems is the need to 
calibrate each device individually for each sample species.
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An extension of this work would be to study 
the permeation of dissolved gases or organic species 
in aqueous systems through appropriate membranes. This 
could lead to the development of relatively inexpensive 
and simple methods for multi-site and long term sampling 
of waterways and industrial discharges.
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